The amount and chemistry of litterfall have been known to strongly vary among the years with important implications for ecosystem nutrient cycles, but there are few quantitative data describing such variations. & Aims We studied the climatic implications on the variation in litterfall and its C and N input to soil in two distinct European coniferous forests.
Introduction
Litterfall is a key process in forest nutrient cycling, and it is the main above-ground contributor of carbon and nutrients to the forest floor (Vitousek et al. 1995) . Total litter production and litter quality determine the soil microbial activity, and accordingly, the release of nutrients into the soil (Ganjegunte et al. 2004) . Once the dead biomass is available for decomposition processes, leaching of nutrients by rainfall and biomass consumption by detritivores convert the biomass into a form that can be chemically used by bacteria and fungi (Aerts 1997) . Thus, understanding the determinants of litter production and quality is of paramount significance for the understanding of nutrient turnover in forest soils (Melillo et al. 1989) . Intra-and inter-annual variations in litter production and quality are also importantly related to tree nutrient status. Alterations of such dynamic phenomena are pertinent to study and need consideration in modeling long-term nutrient cycles.
In mature coniferous temperate and boreal forests, aboveground litter is produced by the trees (needles, twigs and branches, cones and dead stems), and by the understory vegetation. Unlike from winter-deciduous forests, where the major litter production occurs during autumn leaf fall, litter is continuously produced in evergreen conifer stands, although more or less distinct peaks of litter production can be often identified during the year. As an example, it is well-known that the oldest needle class of Scots pine sheds needles during August-October in boreal forests (Ukonmaanaho et al. 2008) , whereas Douglas fir presents two peaks of needle litterfall in Spring and Autumn.
The canopy tree litter production varies over the years and its components have different dynamics and turnover times. For example: (1) tree stems can live for decades to centuries, their litter production is measurable (Aerts and Berendse 1989) , but reliable estimations can be done only after long-time studies. (2) Branches may last from years to decades, their litter production and input to the soil system are relatively unknown (Lehtonen et al. 2004) . (3) Needles are renewed every few years in evergreen conifers, thus this litter fraction can be best assessed; however, the variation of annual needle litterfall can be very large (up to 40 % in a mature Scots pine forest (Kouki and Hokkanen 1992) ). These premises suggest that short-term studies showing 1-year data of litter trap studies seem to be far from the actual average budget of biomass cycling, and that all types of litter must be taken into account in studies of the C and N cycle in forest ecosystems. But for short-term studies, litter trap method gives an overview of the canopy litter production, the speed of nutrient cycling, and the nutrient accumulation in the reservoirs.
Year-to-year variations in climate and extreme weather events such as storms can importantly alter the dynamics and total amount of litter production ). While all above-ground biomass ultimately ends up as litter, such environmental effects and extreme events can importantly alter the timing of peak litter events (Álvarez et al. 2009 ), thereby altering the soil microbial activity and the nutrient cycle (Sanford et al. 1991) . Furthermore, these factors can even more strongly alter litter quality (Pérez-Suárez et al. 2009 ). As nutrient resorption is a time-consuming event, premature foliage and twig loss as the result of storm events or early frosts can result in litter with higher nutrient concentration (Killingbeck 1996) . Thus, years with premature litter fall can importantly alter soil activity and affect plant growth in the subsequent season. There are evidences of enhanced soil nutrient availability after storm-induced litterfall (Pérez-Suárez et al. 2009; Sanford et al. 1991) .
In this study, we investigated year-to-year variations in the canopy litter production, which is highly important for longterm prediction of ecosystem nutrient dynamics. The study was conducted in two coniferous forests with contrasting average foliage longevity and climatic conditions to gain insight into the general and specific responses of litter production in two key conifer species. Scots pine, the dominant species in the northern site in Hyytiälä, Finland, has lower foliage retention time, on average 2 years (Wang et al. 2012) , and supports lower leaf area index than Douglas fir, the dominant species in the Dutch site in Speulderbos that has an average foliar retention time of 2.6 years (Wang et al. 2012) . We hypothesized that year-toyear variations in weather conditions importantly alter total litter production and litter quality. These effects could be more pronounced in the Douglas fir stand that supports larger number of foliage cohorts and overall more foliage area.
This study is based on a unique dataset of detailed leaf litterfall dynamics in two important conifer species in two European sites (13 years data in one and 3.5 years data in the other site). The results of such detailed long-term litterfall data demonstrate large year-to-year variations in litterfall dynamics and nutrient content that has potentially major significance for ecosystem performance.
Material and methods

Study sites
The study was conducted in two key sites of Nitroeurope IP project (for detailed description of the project and sites see Owen et al. 2011) . See Table 1 for more site description.
The Hyytiälä Forestry Field Station ) is situated in Southern Finland, 60 km northeast from Tampere. It supports a homogeneous Scots pine (Pinus sylvestris L.) stand. This species is dominant in more than half of the forest area in southern Finland. Stand management has been conducted according to the standard silvicultural guidelines for similar forest types in Finland, and by now, the stand is half-way through the rotation time. The site has a relatively flat topography.
The Speulderbos site (Su et al. 2009 ), operated by the National Institute for Public Health and the Environment (RIVM), is located in the central Netherlands. It is approximately 25 km northeast from the city of Amersfoort, within a large forested area in the Netherlands. The site supports a dense 2.5-ha Douglas fir (Pseudotsuga menziesii (Mirb.) Franco) stand. The site topography is slightly undulating with height variations of 10 to 20 m within distances of 1 km.
Litter collection
The study was conducted for a period of 156 months (January 1999 -December 2011 in Hyytiälä, and 43 months (June 2007 -December 2010 in Speulderbos. Litter traps (mesh size < 0.5 mm) were placed above the topsoil. Twenty circular litter traps of 0.2 m 2 in Hyytiälä ) and 10 squared litter traps of 0.25 m 2 in Speulderbos were used. Distance between traps was 10 m. Tree litter was collected every ca. 30 days (every 3 months during 1999-2005 in Hyytiälä). Litter from each trap was enclosed in labeled plastic bags and transported to the lab. Samples were first air-dried at room temperature until constant mass. In Hyytiälä, during the monthly sampling in winter time, snow was carefully removed from the collectors so that snow did not flow over from the collectors. During winter, samples with snow cover were melted indoors. Litter was sorted manually with tweezers into four groups: needles, twigs (diameter<1 cm), bark, and cones; the sum of these groups is what we considered canopy fine litter. When litter fragments were difficult to identify due to their small size, they were considered the rest fraction. The rest fraction mainly consists of brittled twig bark and small needle pieces, including sometimes resin droplets. Twigs which diameter was >1 cm where not considered fine canopy litter, thus discarded in the total canopy litter values. After sorting, the mass of different litter fractions was determined after oven-drying at 60°C to constant mass. Only the litter from the dominant conifer species was considered.
Chemical analysis
The samples from different litter traps were pooled to one sample per collection day before the chemical analysis. 
Meteorological data
The meteorological parameters measured and devices employed can be seen in Table 2 .
Mean wind speed was calculated averaging 30 min data. Wind gusts were reported when the wind speed reached 8.2 m s −1 and the variability of the wind from highest point to lowest was more than 4.6 ms −1
. Beaufort wind speed scale was used for qualitative identification of wind gusts: 8. 0-10.7, 10.8-13.8; 13.9-17.1, 17.2-20.7; and 20.8-24 .5 m s −1 .
Data analysis
Data of litterfall and meteorological parameters (2006) (2007) (2008) (2009) (2010) (2011) were calculated by regular periods of one calendar month each: the dates of litter collection period did not correspond to calendar months, therefore, the value of daily litterfall rate measured at the end of each period was considered the same for every day of the collection period; an average daily value was then calculated for each calendar (2000) d Drebs et al. (2002) e Reyer et al. (2010) month as the arithmetic mean of all daily values for the month considered, thus 12 values per year. This transformation resulted in the standardization of number of data points along the year, and eliminated differences between both species in the litter collection dates. It permitted to compare statistically both datasets, to make year-to-year comparisons, and improved visual understanding of graphs. Outliers were defined using 1.5 times the difference between the third and first quartiles, as described in Morillas et al. (2012) . The leaf nitrogen resorption proficiency (NRP) was defined as the minimum N concentration per unit of leaf mass found in senescent leaves (Killingbeck 1996) .
Numerical analysis
The spatial variability in the litterfall collected during the study period was assessed with the calculation of the coefficient of variation (CV) between litter traps: the cumulative mass collected over the whole study period (in gramme) was calculated for each litter trap. The standard deviation of the litter trap collection values was divided by their arithmetical mean.
C and N production rate in litterfall (gramme of C and milligramme of N per square metre per day) were calculated by multiplying the C or N content (gramme of C and milligramme of N per gramme of biomass) of each litter fraction for a given collection period by the respective litterfall rate (gramme per square metre per day). The values of C and N production rates for each collection period were subsequently transformed to calendar monthly values as explained in the chapter 2.5, thus obtaining one value per calendar month.
For Hyytiälä site, the identification of two seasons in monthly C and N input to the forest floor (also called C and N production rate in litterfall) was found after a paired t test: monthly values during the study period were grouped into two seasons (colder season vs. warmer season, covering the whole year period) throughout the possibilities (varying the season length and the starting month), the option which produced the highest significance (lowest P value) in a t tests was chosen as the most appropriate way to study the two seasons in each study site.
The inter-annual variations in Scots pine litterfall were assessed. The calculation of the average annual litter production in a given year is explained in Eq. 1, where: P is the litter collected (megagramme per hectare per year) in a given year Y i , and P av is the average annual litter production from Y 0 until Y N .
Normality tests (Shapiro-Wilk) were performed to yearly data prior to analysis (Morillas et al. 2012) , which resulted in a reasonable number of rejected null hypotheses. Nevertheless, we used parametric tests to analyze the data. Statistical comparisons between stands and between years were performed by two-sample t tests and analysis of variance (ANOVA).
Results
Climatic differences
Maximum air and soil temperatures were similar at both sites ( Fig. 1 ). Hyytiälä presented a wider range of air temperatures, usually below 0°C from November to December, while the winters at Speulderbos were warmer (Fig. 1 ). Soil temperature was stable during winter time due to the snow cover at Hyytiälä; at Speulderbos, winter time was warmer (Fig. 1) . Precipitation was fairly uniformly distributed along the year in both sites (Fig. 1) . Relative air humidity during the growing season was lower at Hyytiälä (Fig. 1) . Soil water content was relatively constant during the season in both sites, and was higher at Speulderbos (Fig. 1) . Annual global radiation received was similar at both sites, being slightly higher at Speulderbos (7.97 MJ m −2 day −1 in Hyytiälä vs. 9.60 MJm −2 day −1 in Speulderbos).
Litter collection characteristics
The spatial variability in the litterfall collected returned as a result a CV of 21.5 % in the more open and shorter Scots pine stand in Hyytiälä, and 4.7 % in the more dense and taller Douglas fir stand in Speulderbos.
Inter-annual coefficient of variation of annual litter dry mass production during the study period was 26 % for Scots pine, and 13.3 % for Douglas fir.
The length of the study period importantly affects the assessment of the stand-level inter-annual average (Fig. 2) . In Hyytiälä, the difference between the annual values and the long time period mean were great in some years (Fig. 2a) . Two examples of that difference occurred in 2004 and in 2011, where the actual litterfall measurements were 35 % smaller than the full study period average of six and thirteen years, respectively (Fig. 2b) . In contrast, in year 2002, the litterfall measured was 35 % greater than the average estimated for the last 4 years (Fig. 2b) . Furthermore, this value was 72 % greater than the average from 1999 to 2011 period. If this value would be considered as an outlier, the new annual litterfall average for the site would change only by 6 %. The average (± SE) annual fine litter dry mass production for the study period was 2.86±0. There was a strong relationship between the leaf litterfall fraction and the total litterfall (Table 3) .
Scots pine litter production rates by fraction followed typical unimodal distributions with absolute maxima in September (needle, Fig. 4a ), May (twigs, Fig. 4b ), June and July (cones and seeds, Fig. 4c; bark and rest, Fig. 4d) ; while the maximum total litterfall during the 2006 to 2010 period was reached in September (Fig. 3a) . In spring, Scots pine bark was an important component of the total amount produced. In late summer and early autumn, needle fraction predominated. In May 2006 and February 2010, there were peaks of twig litter, and in June and July 2007, peaks of cones and seeds. Douglas fir needle litterfall (Fig. 4e ) peaked in May and October, twig fraction (Fig. 4f) in March and October, and cones and seeds (Fig. 4g ) in June. Bark (Fig. 4h ) litterfall rates were more distributed along the year, not showing a specific pattern. The minimum annual litterfall rates were mainly constituted of needle litterfall in Douglas fir (82±10 % in average). However, in Scots pine, at the litterfall minima, the needles represented only the 40±17 % (twigs 25±8 % and bark 21± 10 %).
3.5 Inter-annual and seasonal differences in litter production in relation to climatic drivers and extreme weather events Monthly data of climatic variables (global radiation, air temperature, soil temperature, and soil water content) did not significantly correlate (P>0.05) with the total litterfall, needle litterfall, and C and N production rate in both sites.
In Hyytiälä, horizontal wind speed recorded from 1999 to 2011 was rarely higher than 8 ms −1 , and maximum wind gusts over the period were lower than 21 ms −1 . No significant relationships were found between wind speed and litterfall production (P >0.5). , and these events were possibly related to high litter production rates. Also, severe snow damage to the trees was recorded during winters -2010 and 2010 -2011 -2010 , about 7 % of the basal area was lost, increasing the litterfall (Fig. 3a) . This point was considered an outlier and not taken in account for the trend line in Fig. 3a .
In Hyytiälä, extremely low precipitation values were associated with extreme litter production rates. The year 2002 was exceptionally dry (535 mm), specially in summer time, and annual litterfall was extraordinarily high (4.90 Mg ha −1 year −1 ; Fig. 2) . (Fig. 3a) , possibly related to the combined effect of the snow load on the branches and high 24-h averaged wind speed of 5.72 ms
with associated wind gusts and maximum 30-min average wind speed of 7.94 m s −1 .
Carbon and nitrogen inputs to the forest floor
Annual C and N inputs to soil were mainly driven by needle litterfall (Table 4 ). The N annual input through litterfall to Hyytiälä stand soil (15.9±1.5 kg N ha −1 year −1 ) was much lower than in Speulderbos stand (75±8 kg N ha
compared with the C annual input (1,430±110 and 2,300± 180 kg C ha −1 year −1 , respectively) ( Table 4 ).
In Hyytiälä, there were two differentiated seasons regarding the C and N inputs to soil through litterfall: MayOctober and November-April (paired-samples t tests, P< 0.001). Average (±SE) C input rates to soil in Hyytiälä were 0.574±0.039 g C m −2 day −1 from May to October and 0.204 ±0.020 g C m −2 day −1 from November to April. N input rates for these seasons were 6.48 ± 0.49 and 1.969 ± 0.037 mg N m −2 day −1 , respectively.
The high rate of twig litterfall of Scots pine exhibited in February 2010 (Fig. 3a) did not remarkably affect the C or N litter contents because of the similar element percentages to those for the needles. In contrast, the high portion of cones and seeds in June and July 2007 in litter (40 % of total litterfall) lowered the total litter N content by 27 % compared with June and July averages for years 2006, 2008 and 2009 . Difference in cone and seed production did not affect C content.
The litter C and N content did not show any significant Pearson's linear relationship with the litterfall rate in any of both species (r 2 <0.012). But the litterfall C and N input to soil rates were highly correlated between them, and with the total litterfall and needle litterfall (Table 3) .
C content was similar along the litter fractions in both species. In Scots pine, the rest fraction was the richest in N content, followed by the needles (Table 4) . In Douglas fir, N content differed between fractions (Table 4) . From a temporal view, litter N content fluctuated more along the year in Douglas fir than in Scots pine, which also contained less N (Fig. 5) . Douglas fir litter N content in October 2009 and 2010 (1.82 and 1.84 %, respectively) was 16 % higher than in October 2007 and 2008 (1.50 and 1.66 %, respectively), while carbon content was similar (Fig. 5d) , and consequently, C/N ratio 14 % smaller (29.3 in 2009 and 28.9 in 2010; Fig. 5f ). As a result, the average soil C input rate was 135 % greater ( Generally, there were two periods during the year at the Douglas fir site when C and N were released to the topsoil from the canopy litter (Fig. 6c, d ), while there was only one period at the Finnish site (Fig. 6a, b) . Litter C production rate (Fig. 6a, c) followed the same pattern as the total litter production rate (Fig. 3a, b) , reflecting the circumstance that litter C concentration almost did not vary during the year (Fig. 5a, d) . Despite, Scots pine litter C (50.74±0.27 %; Fig. 5a ) and N content (0.642±0.025 %; Fig. 5b ) had maxima in September. Litter was richer in N with a minimum C/N ratio in September (79.1±2.8; Fig. 5c ), where the smallest yearly standard deviation was found.
Discussion
Litterfall characteristics
At the Hyytiälä site, the inter-annual variations in litter production emphasize the importance of long study periods (Fig. 2) . Measurements repeated on the same trees revealed a fluctuating pattern (Fig.2a) : after one period with higher canopy litterfall succeeded another period with smaller amount and vice versa. These fluctuations can be consequences of annual irregularities in the climate, which can create a higher needle loss with nutritional problems for the Table 3 Equations of linear models (y=ax+b) fitted to litterfall characteristics relationships: y correspond to the traits in the second column, x correspond to the titles of the following columns. Scots pine (Jan 2006 -Dec 2010 trees in the subsequent period; or longer-term variations like drought years period or plagues. As we cannot control every climatic and physiological parameters, it is important to identify whether the data outliers were produced by sampling errors or by actual variations in litterfall. Outliers removal, numerical transformations or other data processing The mass fractions and elemental contents among the litter components within species were compared by one-way ANOVA, showing significant differences (P<0.001)
The averages shown in the table are calculated methods must be done with extreme caution because the results can be modified drastically and interesting litterfall events might be ignored. The Eq. 1 showed that the increasing number of data yields to a less deviated mean if compared to the mean over the years (Fig. 2b) . The Eq. 1 permitted to highlight the biased viewpoint of short-term studies on the annual average litterfall. The annual litterfall of a stand is far from being a steady value (Kouki and Hokkanen 1992; Ranger et al. 2003) , it fluctuates. Depending of the length of the study period, scientists may calculate different average values for annual litterfall in the same stand. As an example, Ranger et al. (2003) reported big variations in Douglas fir annual litterfall (from ca. 2.5 to 6 Mg ha −1 year −1 ) during a 7-year study in France. Fig. 2b showed the importance of long-term studies concerning litterfall. However, climatic factors, extreme weather events, stand growth, or forest management practices like thinning will play an important role on the litterfall rates. This is why litterfall averages of long-term studies must be used carefully. Understanding the processes which affected them and the status of the stand can be more important than the litterfall average itself. In the other hand, the average annual litterfall in Speulderbos can be taken only as a first-stage estimate; this is why this article studies more the intra-annual characteristics for the Speulderbos stand. Although being both monoculture conifer forests and having installed a double amount of litter traps of similar size in Hyytiälä, CV between litter traps was relatively high. The Scots pine stand was partially thinned during the experiment, which can explain the spatial differences in litterfall. Also, the CV values can reflect the more open canopy of the Scots pine stand in contrast to the Douglas fir stand, with 6.5 m 2 m −2 (all-sided) LAI ) and 7.8 to 10.5 m 2 m −2 (projected) (Van Wijk et al. 2000) , respectively. Nonetheless, McShane et al. (1983) found a high CV between litter traps while studying a Douglas fir stand. In addition, despite a similar twig mass was produced in both stands, the bigger pine twig size enhanced the CV, producing less single pieces with higher mass each and higher difference in the collected litterfall between litter traps.
Correlations of litter production with environmental drivers and effects of extreme events
Climatic parameters had an important effect on litterfall dynamics. Extreme values were especially important to understand unusually high peaks of litterfall production (i.e. drought effect in 2002 and 2006, early frosts and snow damage at Hyytiälä, and wind gusts effect on Speulderbos). At Hyytiälä site, wind speed did not reach as high values as at Speulderbos. Data showed that Douglas fir litterfall was affected by high wind speeds (maximum wind gusts). In addition to wind-influenced litterfall, wind may damage the internal structures of the branches. This effect decreases the tree growth rate and needle production in the subsequent years, which will decrease the needle litter production in a short term. Nevertheless, damaged twigs are shed later on. In conclusion, these damages can create a biased disturbance in the litterfall rates of stands frequently affected by phenomena such as wind damage, etc.
Premature needle abscission can be responsible for lower resorption rates. The early frosts that occurred at Hyytiälä a c b d Fig. 6 Carbon and nitrogen production rate in litterfall of Scots pine (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) had a direct effect on litter N content enhancement (Fig. 6b) , associated to the highest values of minimum annual needle N concentration. Also, the early frosts in 2008 and 2009 could have affected the secondary growth of Scots pine, finding less cone production in the subsequent years. Table 3 showed that the litterfall production rates and the C and N soil input rates were correlated. Despite isolated events of high litterfall and C and N soil input, the linear models shown in Table 3 were highly significant.
Litter production and fractional composition of litter
Similar values for annual Scots pine litter production have been reported by Berg et al. (1999) and Starr et al. (2005) in stands with similar age in similar latitudes. In the natural environment of Douglas fir, McShane et al. (1983) found similar annual litterfall values in a stand of similar age. Also, Ranger et al. (2003) reported similar values for a 40-year stand in France. In Speulderbos, when the stand was 35 years old, Koopmans et al. (1996) . This increase can be interpreted as a result of the stand growth (Ukonmaanaho et al. 2008) .
Our study demonstrates that sorting the litterfall in fractions allows to gaining important insight into the determinants of inter-annual and seasonal variations in litter production rate and chemistry. Litter production rates for different litter components were statistically different. This is important as the fractional composition of litter directly determines which type of litter is added to the forest soil in every period of the year. Regarding the physical characteristics (toughness, shape, or amount) and chemical composition of the litterfall, and the meteorological and biological status of the soil, it influences the litter decomposability and nutrient release to the soil.
The maximum litterfall rates in summer of cones at both stands (Fig. 4c, g ), bark and rest, may suggest that trees shed the materials unused during the growth season. The stem and branches could increase the bark litterfall in Scots pine as they grow and increase their diameter. The resin droplets of the rest fraction in Scots pine are secondary products of tree metabolism, and principally produced in that season. And mature cones could be liberated in summer in favor of higher priority processes like maintaining photosynthetic needles.
Seasonality of leaf litterfall
Deciduous trees in the climates of this study (i.e. oak, beech, maple and birch) have a strategy of building one-season leaves, which grow and senesce in some months. It is in autumn, where conditions get unfavorable for the net primary production (colder temperatures and less light), that leaves senesce and fall to the topsoil, generating the annual maximum N input to these soils (excluding sites with high atmospheric N deposition). Situation in evergreen conifers (i.e. the species of this study, pine trees and firs) is different: they support several cohorts of leaves on their canopy lasting several years. The leaf longevity of Scots pine and Douglas fir at the study sites is about 2 to 3 years (Wang et al. 2012) . Leaf longevity in these species is variable inside the same tree: new leaves are produced in spring and old leaves are shed during the whole year, although there are leaf litter production peaks. Evergreen broad-leaved Mediterranean species (i.e. cork oak, olive, Arbutus and Nerium oleander) conserve leaves for more than one growing season, but the shedding of leaves occurs during the hot and dry summer months.
Despite similar physiological characteristics in both our species, litterfall seasonality was different (Fig. 3) . During winter in Hyytiälä, the needles are in dormant phase and it is beneficial for the plants to drop the needles right before this phase. Therefore leaf litter production in winter is normally small and presumably caused mainly by physical damage to the trees. At Speulderbos, which has warmer climate, the rate of litter production processes only decreased during winter (Fig. 3) . Speulderbos conditions generated an overall higher leaf litter production and it presented higher leaf area index, helped by the higher and moderate temperatures by the latitude and maritime influences.
Litter chemistry
Nutrients lost in litterfall are a cost to a tree, as they have to be substituted to maintain primary productivity (Lin et al. 2003) . Boreal soils are typically N limited (Priha and Smolander 1999) ; climate presents lower temperatures and longer and colder winters. Our results of Scots pine needle N content are in concordance with Ukonmaanaho et al. (2008) , which reported a mean of 0.49 % in senescent needles in Finnish forests. The narrow fluctuation range and low annual average of Scots pine litter N concentration observed is typical for a species adapted to N limited ecosystem, even lower than the N content reported by Niinemets et al. (2001) (0.86±0.12 %) in an infertile site in Estonia. Concerning Douglas fir, Turner and Olson (1976) reported a value of 0.57 % for a 42-year-old Western Washington stand. Ranger et al. (2003) found litter N concentrations of 0.91-1.38 % in a 7-year study in France, with a seasonal dynamic similar to our study. Our values are still higher possibly because of the chronic N deposition, which could have increased needle N concentration (Turner 1977) . Furthermore, Simpson et al. (2006) found Speulderbos site to be particularly affected by N deposition, while Hyytiälä belonged to the less affected areas in Europe.
Nutrient resorption efficiency and nutrient losses by litter
According to Killingbeck (1996) , leaf litter N concentrations observed during the year and its minimum (NRP) indicated very good capacity for senescent leaf nutrient resorption (NRP < 0.7 % N) in the Scots pine stand (Fig. 5b) . This is typical of a species adapted to lowfertility soils (Pensa and Sellin 2003) and high-stress environmental conditions. Similar NRP values (0.50 and 0.52 %) were reported by Killingbeck (1996) , and even lower NRP values (0.44 % N) in Scots pine grown on podzols in Estonia were found by Pensa and Sellin (2003) . In contrast, Douglas fir stand performed in every year an incomplete N resorption (NRP<1 % N), but its favorable site conditions regarding soil N availability, higher temperature and light may compensate this inefficacy, and help the stand reaching high growth rates per year. A most exhaustive sampling of senescent needles during nutrient resorption period might reveal a most accurate NRP value.
The storm episodes in 2009 and 2010 in Speulderbos led to an increase in annual litterfall. The loss of cones, the loss of twigs as support structures for potential new needles and the loss of needles itself during the nutrient retranslocation period resulted in an incomplete nitrogen resorption, if compared with previous years NRP values (2007 and 2008) .
Conclusion
These data collectively demonstrated that there were large inter-and intra-annual variations in canopy litterfall. Longer study period will produce better result on the site litterfall average calculation. Inter-annual fluctuations in litterfall may lead to biased values in the annual litterfall estimates if the study period is short.
Weather conditions played a big role on litterfall. These importantly altered litter production and litter quality. Both species had different meteorological conditions and were affected differently by meteorological events. Scots pine litterfall in Hyytiälä was affected by annual low precipitation, early frosts and snow load. Douglas fir litterfall was mostly affected by wind gusts. A principle of effect of unexpected premature leaf shedding on leaf nitrogen resorption efficiency was found in this study; senescent leaf minimum N concentration was found to increase in Douglas fir after significantly high leaf fall events, if compared with other years. This particular subject needs further research.
When studying litterfall, researchers must pay attention to the climatic variables and single events which could affect it. Litterfall rates usually vary largely from year to year. More studies about the causes of these differences are needed to properly model the nutrient cycling in forests.
